It is still debated whether main individual fitness differences in natural populations can be attributed to genome-wide effects or to particular loci of outstanding functional importance such as the major histocompatibility complex (MHC). In a long-term monitoring project on Galápagos sea lions (Zalophus wollebaeki), we collected comprehensive fitness and mating data for a total of 506 individuals. Controlling for genome-wide inbreeding, we find strong associations between the MHC locus and nearly all fitness traits. The effect was mainly attributable to MHC sequence divergence and could be decomposed into contributions of own and maternal genotypes. In consequence, the population seems to have evolved a pool of highly divergent alleles conveying near-optimal MHC divergence even by random mating. Our results demonstrate that a single locus can significantly contribute to fitness in the wild and provide conclusive evidence for the 'divergent allele advantage' hypothesis, a special form of balancing selection with interesting evolutionary implications.
Introduction
It has been a long-standing goal in evolutionary ecology to identify the genetic mechanisms that influence individual fitness differences in a given natural environment. Despite a solid theoretical framework, conclusive empirical insight is still limited owing to the difficulty of measuring fitness in free-ranging populations and identifying the exact genetic component underlying the trait [1] . It thus remains an open question whether individual genetic quality is mostly governed by the accumulation of small effects distributed over the genome (genomewide heterozygosity, [2] ), or to which extent few functionally important genes with a large effect on phenotypically important traits govern individual fitness.
Parasites are considered one of the strongest selective agents in evolution [3] , which makes the major histocompatibility complex (MHC) an intriguing candidate to investigate genetic quality in natural populations [4] [5] [6] [7] . The MHC plays a key role in the adaptive immune system of vertebrates where its cell-surface molecules present antigens of invading pathogens to effector cells and thereby trigger a parasite-specific immune response [8] . MHC genes have indeed proved to be important for pathogen resistance in a variety of species and frequently show molecular signatures of selection [4] [5] [6] . The exact mechanisms of their contribution to individual fitness and their relative importance with respect to genome-wide diversity are, however, still debated.
At the co-dominantly expressed MHC genes, each MHC variant can bind and present only a specific subset of antigens. Heterozygous genotypes coding for two different MHC molecules are thus theoretically expected to enable broader antigen presentation and consequently confer elevated immune surveillance ('overdominance', [9] ). This model has later been extended to the sequence & 2013 The Author(s) Published by the Royal Society. All rights reserved.
level: if the two alleles in a heterozygous MHC genotype are highly divergent in sequence, their respective molecules are expected to differ proportionally in the repertoire of antigens they can bind and thus confer a more comprehensive immune surveillance than genotypes with less divergent alleles ('divergent allele advantage', [10, 11] ).
While general MHC heterozygote advantage in pathogen resistance has been supported in a number of species (reviewed in [4, 5, 12] ), the potential advantage of allelic divergence at the MHC locus has only recently received attention, also owing to advances in genotyping and sequencing methodology. An increasing number of studies is now reporting mate preference with respect to MHC divergence [13] [14] [15] [16] [17] . Mate choice for allele divergence is in fact expected to be highly advantageous, because neither heterozygosity nor allele divergence at the MHC can directly be inherited owing to the compound nature of this trait. This is especially so in populations where random mating, i.e. random allele combinations from the population's allele pool, would lead to suboptimal genotypes and thus lower pathogen resistance. Furthermore, first empirical support for a beneficial association between divergent MHC genotypes and phenotypes has also recently been presented (mostly parasite resistance, e.g. [18] [19] [20] [21] ). The advantage of allelic sequence divergence at the MHC for comprehensive fitness measures, and ultimately life-time reproductive success, remains nevertheless largely elusive.
Previous studies have established colonially breeding pinnipeds as an intriguing study system for investigating the genetic basis of fitness. As for other mammals, measures of genome-wide inbreeding (usually assayed as heterozygosity fitness correlations) have in some species been shown to predict parasite resistance or survival [22] [23] [24] and also mate choice [25] . Other studies failed to confirm these associations [26] and instead indicated that genome-wide diversity may only be a proxy for advantageous variability at particular vital genes [27, 28] . Recent work on MHC-DQB genes in grey seals further indicates that the MHC locus may be associated with local adaptation and juvenile mortality [29, 30] .
We here make use of a remarkable dataset from a longterm monitoring programme on an outbred population of the endangered Galápagos sea lion (Zalophus wollebaeki), which allows for comprehensively investigating the genetic basis of individual fitness differences and its consequences for mate choice decisions. We characterized the MHC class IIB loci for this species and obtained sequence information for the immunologically important antigen-binding groove of exon II from the DRB locus for more than 500 individuals. We use this dataset to examine the influence of the MHC locus on a number of fitness traits including body condition, growth, survival and near-lifetime reproductive success. A set of unlinked microsatellite markers is used to control for potentially confounding effects of genome-wide inbreeding.
Material and methods
For a more detailed description of material and methods see appendix S1 in the electronic supplementary material for this article.
(a) Study population
Data for this study has been collected during a long-term monitoring programme of a central Galápagos sea lion (Zalophus wollebaeki) population. The population consists currently of approximately 1000 -1200 animals [31, 32] , the large majority of which can be individually identified. Spatial presence patterns and behavioural data have been recorded during regular surveys since 2003. Mother -offspring relationships were deduced from field observations and subsequently confirmed by genotyping 22 microsatellite loci, which were also used to establish paternity relationships [33] .
(b) MHC genotyping and analyses MHC IIB exon 2 specific primers were designed to amplify a fragment of 203 bp (159 bp without primers) of the immunologically important antigen-binding groove of the molecule. Reference strand-mediated conformation analysis (RSCA) allowed determining individual MHC IIB genotypes to the sequence level and classifying sequence variants to their locus by phylogenetic reconstruction (see [34] and electronic supplementary material, appendix S2).
For each individual animal, we determined zygosity at the MHC-DRB locus and calculated the proportion of the amplified 53 amino acid sequence that differed between an individual's two MHC-DRB alleles ( p-distance), calling this measure 'individual MHC divergence' throughout. To investigate mate choice, we further determined the pairwise MHC-DRB divergence of malefemale pairs ( potential offspring genotype) by calculating the mean pairwise amino acid p-distance of all four inter-individual allele combinations [13] .
(c) Genome-wide inbreeding and inbreeding estimates
The degree of population specific inbreeding F IS was estimated from a sample of 516 individuals, using a weighted average over genotypic data of 22 microsatellites. Individual inbreeding levels and their statistical significance were assessed using Wang's inbreeding estimator and calculating 95% CIs as implemented in the software COANCESTRY [35] .
To differentiate between MHC-specific effects of diversity and genome-wide effects in the fitness analyses, we estimated levels of inbreeding for each individual separately using the same set of 22 microsatellites markers. To assess the robustness of the results we calculated several inbreeding measures including observed multi-locus heterozygosity, standardized expected and observed multi-locus heterozygosity, internal relatedness, homozygosity weighted by locus and standardized D 2 (see the electronic supplementary material, appendix S1 for details). All calculated inbreeding estimates were highly correlated (R 2 mean ¼ 0.95, p mean , 0.001) and qualitatively yielded the same results. We, therefore, report here only results based on homozygosity weighted by locus. To estimate the ability of our microsatellite data to capture information on identity-disequilibrium, we also analysed the degree of covariance in heterozygosity across markers.
(d) Genotypic effects of MHC and inbreeding on fitness
We used a linear model framework and AICc-based model selection to test the influence of genotype (inbreeding level, MHC zygosity and MHC divergence) as fixed factors on different measures of fitness. We also included the quadratic term of MHC divergence in order to address the question whether optimal (quadratic contribution) or maximal divergence (linear) best explains fitness differences.
For each fitness parameter, models with and without explanatory parameters were compared and ranked based on AICc statistics, which provides information about the goodness of fit of the respective model to the observed data. In order to allow for an unbiased interpretation of the data, we list all models with considerable statistical support (DAICc/DQAICc , 2) as well as the null model. For each model, we also provide classical p-values for all included term estimates. We further provide for rspb.royalsocietypublishing.org Proc R Soc B 280: 20130714 each model the information theory-based model selection statistics (AICc, DAICc, wAICc [QAICc, DQAICc, wQAICc for overdispersed data]) and R 2 adjusted for the number of parameters. The sum of Akaike weights (SwAICc, ranging from 0 to 1) is used to estimate and compare the relative importance of explanatory parameters. See electronic supplementary material, appendix S1 for more detailed information, a complete list of explanatory terms and error distribution for each fitness parameter.
Birth mass and early growth greatly influence a juvenile's chance of survival [36] . Birth weight was measured at an average age of 4 days, when mothers left to forage for the first time after parturition. One year later (median age 381 days), we measured yearling weight for the same individuals. As we were interested in body condition rather than weight per se, body length was included as a fixed factor in both cases. As a third biometric variable, we estimated the growth rate during the first 60 days of life.
The survival dataset includes only singleton pups for whose mothers genotype data were also available. Individuals were classified as dead, if they were either born dead or died within the first month of their life. To provide a maximal contrast in fitness to early deceased offspring, we classified individuals as survivors if they had reached reproductive maturity. Early mortality in this population is approximately 10 -20% in normal years [37, 38] ; however, for more robust statistical inference we balanced the sample of early deceased individuals with an equally sized random subsample of survivors (selected before genotyping).
We monitored reproductive success of females that were on average 14 years old and that were matched by age as closely as possible. Every female was monitored on average over eight reproductive periods. Reproductive success was calculated (i) as the number of offspring produced by every female and (ii) the number of offspring surviving their first year.
In previous work, we have shown that male behaviour influences paternity success [33] . From the individuals investigated in 2006 and 2007, we here took a subset for which we now had obtained MHC-DRB genotypes (100/146) and rerun their best model (table 3 in [33] ). We identified the same behavioural parameters of relevance for this subset (male attendance, female density in close proximity and year of study; cf. table 3 in [33] ) and tested whether genotypic effects explained additional variance in male reproductive success.
(e) Analysis of mating patterns
To test for genotype-directed mating behavior between partners, we ran a Monte Carlo-based simulation of randomly paired mates, estimating the probability to obtain the observed parameters under a no-choice scenario. In addition, we also ran a power analysis of the employed Monte Carlo simulation to estimate the level of difference in MHC divergence and genome-wide relatedness that we would be able to capture with our dataset.
Results (a) MHC class II DRB diversity
Our genotyping protocol initially yielded both MHC class II DRB and DQB sequence variants. However, all subsequent analyses are focused only on DRB variation owing to the more classical nature of this locus in sea lions (see the electronic supplementary material, appendix S2). Of the overall dataset of 516 Galápagos sea lion individuals, we were able to successfully genotype 506 individuals at the MHC class II DRB exon 2 (hereafter called MHC-DRB), which as of now has not been characterized for this species. Among these individuals we identified a total of 27 distinct alleles for a sequence stretch of 159 nucleotides (Zawo-DRB*01-*27, accession numbers: HE663098-HE663124; see the electronic supplementary material, appendix S2). All of these alleles translated into distinct and functional amino acid sequences (53 residues) and individuals carried either one or two of these alleles which points at a classical singlecopy MHC-DRB locus. This was further supported by consistent Mendelian segregation of MHC-DRB alleles in 76 known parent -offspring trios. As is expected for the antigen-binding region of a functional MHC-DRB molecule, we could document a strong signature of positive selection and an allele frequency spectrum expected under balancing selection (for details see electronic supplementary material, appendix S2 and figure S3).
(b) Genome-wide inbreeding
The arithmetic mean of the observed heterozygosity at neutral markers was 0.62 (range: 0.36-0.91) and did not differ from neutral expectations (standardized
Overall levels of inbreeding were low, and did not significantly differ from zero (F IS ¼ 0.005, p ¼ 0.17). On an individual basis, only four out of all 516 tested individuals appeared to be significantly inbred as defined by Wang's inbreeding estimator. For more details on inbreeding and relatedness in the population see electronic supplementary material, appendix S1. We furthermore found no evidence for covariance in heterozygosity across markers (correlation coefficient r 95%CI : 20.07-0.032). All these results suggest a very low level of inbreeding in the study population. Nevertheless, to guard against individual genome-wide effects, individual inbreeding is incorporated as an explanatory variable for fitness in all following analyses.
(c) Genotypic effects of MHC and inbreeding on fitness
All three genetic parameters (zygosity at the MHC-DRB locus, MHC divergence and genome-wide inbreeding) were tested for their predictive value with respect to a set of fitness traits. In our data, neither MHC zygosity nor MHC divergence were correlated with genome-wide inbreeding (d.f. ¼ 501; divergence: R 2 adj ¼ À0:001, p ¼ 0.699; zygosity: R 2 adj ¼ À0:001, p ¼ 0.943). Also, MHC zygosity showed only weak co-linearity with MHC divergence, as indicated by low variance inflation factors across the different tests (min/mean/max: 1.25/2.08/2.48) that were well below the conservative threshold of 5, allowing us to document the contribution of these two parameters independently.
Offspring body condition at the time of birth was significantly positively associated with allelic divergence of the maternal MHC genotype, but was not explained by the offspring's own genotype (table 1). The maternal effect was thus clearly stronger at this developmental stage than the effect by the offspring's own MHC divergence (SwAICc mother : 0.78, SwAICc offspring : 0.10). At an age of one year, neither of the effects could be documented any longer (table 1) . Early growth showed an unexpected positive association with genome-wide inbreeding, which would indicate outbreeding depression. Given the low levels of overall inbreeding (see above) and the weak support for the model (DQAICc of null model ,2, table 1) the effect needs to be interpreted with care as it is most probably attributable to a type I error. Early growth rate also showed no clear association with any MHC parameter with the null model being among the most strongly supported candidate models (DQAICc , 2, table 1). Table 1 . Offspring fitness in relation to MHC diversity and inbreeding. Summary of the best statistical models exploring the relationship between offspring fitness and offspring as well as mother genotypes. The genetic parameters are MHC-DRB divergence (MHC div and its square, MHC div Offspring survival to reproductive maturity was strongly influenced by both the pup's own MHC genotype and the MHC genotype of its mother. Offspring with divergent MHC alleles survived significantly better than offspring that had more similar alleles ( figure 1, black line; table 1 ). Likewise, offspring whose mothers had dissimilar MHC alleles survived better than offspring with mothers who had less divergent MHC alleles ( figure 1, grey line) . The lack of association between maternal and offspring MHC divergence suggests two truly independent effects (correlation of offspring and maternal diver- (table 1) . Effect sizes of both offspring and mother MHC divergence on offspring survival were surprisingly large and predicted to be similar: an increase in divergence by a single amino acid between MHC-DRB alleles was associated with a predicted increase in survival by on average 5 per cent (offspring genotype effect) and 4 per cent (maternal genotype effect), respectively (figure 1). We also compared the observed MHC divergence with an expected distribution of random MHC genotypes (see the electronic supplementary material, appendix S3) and found that non-surviving individuals had a significantly lower individual MHC divergence than expected while the observed divergence in all surviving individuals conformed well to expectations based on the observed allele frequencies in the population (see the electronic supplementary material, figure S4 ).
As expected in the absence of strong zygosity disequilibrium, microsatellite-based estimates of genome-wide inbreeding showed no measurable effect (table 1, DQAICc min ¼ 4.24): neither the offspring's level of inbreeding nor the inbreeding level of its mother correlated significantly with survival (SwQAICc offspring : 0.09, SwQAICc mother : 0.08). There was no evidence for an association between specific MHC alleles and offspring survival. Neither offspring nor maternal MHC-DRB allele frequencies differed between surviving and non-surviving offspring (Fisher exact test; offspring genotype: p ¼ 0.867; mother genotype: p ¼ 0.546).
In an independent dataset, we quantified long-term reproductive success of 29 females across a minimum of eight reproductive periods. There was no detectable effect of either genome-wide inbreeding or MHC divergence in females when raw reproductive output was considered (min/ median/max: 1/3/5 pups). However, when focusing on the evolutionarily more relevant number of offspring that successfully survived the first year (min/median/max: 1/2.5/5 pups), there was a clear effect of MHC divergence (SwAICc: 0.92) and, to a lower extent, also of genome-wide inbreeding (SwAICc: 0.68, table 2). Interestingly, the best model included the quadratic term of MHC divergence (SwAICc: 0.51, table 2), suggesting that also an optimum rather than a maximum of MHC divergence could be associated with maximum reproductive success in females (figure 2a). However, the quadratic effect may be driven mainly by two influential points (threshold: Cook's D . 4/N2k21). When removed, a model with only the linear contribution of MHC divergence is selected, while the model including the quadratic effect is then only ranked second-best.
For male reproductive success, both MHC divergence (best model in table 2) and MHC zygosity (second-best model in table 2) explained a significant part of the variation, suggesting that the largest part of the MHC effect on male reproductive success is owing to expressing one or two MHC molecules. While significant in the overall model, the observed MHC effect was mainly supported by data from 2007, which could indicate a stronger selection pressure in that year or simply be due to the smaller number of observations available for 2006. A comparable analysis based on the actual number of pups fathered per season provided equivalent results (see the electronic supplementary material, table S1). As in females, a quadratic term for MHC divergence (quadratic term) explained slightly more of the variation in the data than a linear term alone (table 2, figure 2b). The genome-wide inbreeding level had no significant effect on male reproductive success.
(d) Genotypic effects of MHC and relatedness on mating patterns
The above correlations between MHC divergence and several proxies for fitness suggest the action of overdominant selection not only on MHC zygosity itself, but also on allelic divergence at the MHC-DRB locus. However, these kind of composite traits usually have very low heritability [39] . Accordingly, we found no association of individual MHC divergence between the midparent value and offspring (Spearman's r ¼ 0. Power analyses suggest that our sample size should be large enough to capture even weak mate choice with respect to MHC divergence. For disassortative preference, an average increase in MHC divergence of only 0.48 amino acids (0.009 p-distance, cf. MHC divergence effects on survival in figure 1 ) between mates compared with random mating would be detected with 80 per cent probability (see the electronic supplementary material, figure S6 ). For mate choice directed at intermediate MHC divergence, the dataset would allow us to detect preference for genotype combinations providing only about 0.2 amino acids more intermediate MHC divergence than under random mating (see the electronic supplementary material, figure S7) .
Following the same rationale as outlined above for MHC divergence, we also tested for mate choice based on relatedness. The observed level of relatedness ( probability of identity-by-descent) between mates did not deviate significantly from the expected relatedness level under random mating (median observed: 0.015, median expected: 0.007, p ¼ 0.480). A corresponding power analysis with respect to relatedness showed that our dataset would allow for detecting a decrease of 0.015 (disassortative mate choice) in relatedness between mates compared with random mating, based on 80 per cent detection probability (see the electronic supplementary material, figure S8 ).
(e) Allele frequency distributions
Continued purifying selection against low-divergence allele combinations (as seen for offspring survival) as well as overdominant selection for high-divergence genotypes (as indicated for body condition and reproductive success) are expected to modify allele frequencies. Those alleles that provide on average, i.e. in combination with the more common alleles, optimal divergence for fitness should increase in frequency. Given such an allele pool, enriched for divergent alleles, additional benefits of mate choice trying to maximize (or optimize) MHC divergence of the offspring would be small compared with random mating.
To investigate this effect, we determined the most common alleles in the population (minimum allele frequency of 5%, electronic supplementary material, figure S3 ) and calculated for all 27 alleles the average pairwise amino acid sequence divergence to these 10 most common alleles. Then we plotted this average divergence against the allele frequency in the population and found that indeed the most common alleles in the allele pool provided on average the most divergent MHC genotypes (Spearman's r ¼ 0.56, p ¼ 0.0017, figure 3 ). The association here is reported for unbiased allele frequencies of only unrelated individuals (N ¼ 433), but also holds at equal strength for allele frequencies of the full dataset (see electronic supplementary material, figure S3 ). In contrast, when calculating the average pairwise divergence to all alleles in the population instead of only the most common ones, i.e. ignoring observed allele frequencies and thus the likelihood for inclusion in a random genotype, this association breaks down (Spearman's r ¼ 0.19, p ¼ 0.34).
Discussion
Our results shed new light on the ongoing debate of whether significant fitness effects are mostly mediated by a small Table 2 . Reproductive success in relation to MHC diversity and inbreeding. Summary of the best statistical models exploring the relationship between individual genotypes and reproductive success of adult males (paternity: yes/no) and females (number of surviving offspring). The genetic parameters are MHC-DRB divergence (MHC div and its square, MHC div number of functionally important loci or genome-wide levels of heterozygosity. Surveys on marine mammals in general, and pinnipeds in particular, indicate that pathogens (especially nematodes and viruses) are one of the major causes for mortality in these species [22, 40] , with mortality being especially high during early life [38, 41] . The immunologically important MHC genes therefore provide a clear candidate locus for fitness. In our study, several lines of evidence suggest that the MHC-DRB locus indeed makes a genuine contribution to fitness, rather than indirectly reflecting the effects of genome-wide heterozygosity. In fact, our genome-wide data from 22 unlinked microsatellite markers detected only minimal levels of inbreeding in the studied population. While the number of markers applied here may still be limited, there is evidence that already a small number of loci provides substantial power to estimate genome-wide inbreeding levels [42] . Our set of 22 genome-wide loci therefore should provide a solid basis to estimate the effects for the MHC-DRB gene while controlling for potentially confounding effects contributed even by low HFC. MHC zygosity and divergence were indeed not correlated to genome-wide inbreeding and showed exclusive or much stronger effects on all fitness proxies. The strong effect of divergence (and not only zygosity) even suggests that the MHC locus is causal, since such a sequence-specific compound measure is unlikely to reflect properties of any other locus in genetic linkage of the sequenced exon. Overall, this suggests that, in this population of Galápagos sea lions, genome-wide inbreeding or admixture do not act on fitness via heterosis/directional dominance. Instead, local allelic divergence at the MHC-DRB locus influences fitness directly.
Advantageous effects of MHC variability have been reported from a range of species (reviewed in [4, 5, 12] ). This includes the only previous two studies on fitness effects of MHC diversity in pinnipeds, which suggested an association between risk of cancer and certain MHC genotypes in Californian sea lions (Zalophus californianus) [43] as well as an association between DQB allele number and mortality [30] . Most work, however, presents merely a snapshot of the functional link between MHC and parasite resistance, while investigations of the effect of MHC variability on comprehensive fitness measures are still rare (but see [44, 45] ). We further show that it is not mere heterozygosity or number of alleles at the MHC locus, but instead sequence divergence that matters most for fitness. In fact, earlier MHC studies have mostly relied on the mere number of distinct alleles when characterizing an individual's MHC diversity. However, distinct MHC alleles can differ by varying ranges of amino acids and recent computational analyses have shown that the extent to which two MHC alleles differ in their coding sequence is directly Figure 3 . Correlation between average pairwise allele divergence and allele frequency. For all 27 detected MHC-DRB alleles, their frequency in the population (log-transformed) is plotted against their average pairwise amino acid divergence to the ten most common MHC-DRB alleles (defined by a minimum allele frequency of 5%, see also electronic supplementary material, figure S3 ).
rspb.royalsocietypublishing.org Proc R Soc B 280: 20130714 correlated with the extent to which the corresponding MHC molecules differ in their functional antigen-binding capacity [11] . Exon-wide sequence divergence was here chosen over more complex similarity indices based on human data of electrochemical amino acid properties at particular peptidebinding residues (PBRs). This avoids reliance on unconfirmed assumptions, such as the position of PBRs in sea lion MHC or their functional homology to humans. The significance of allelic divergence at the MHC had in fact already very early been conceptualized in the divergent allele advantage hypothesis [10] , but research in this direction has only recently gained momentum, and direct empirical evidence for an association between MHC divergence and survival or reproductive success has so far been lacking.
Worth noting in our data is the not always consistent shape of the identified associations between individual MHC divergence and the different life-history traits. While survival probability, according to the most appropriate model, appears to increase linearly with MHC divergence, reproductive success seems highest with an intermediate divergence. Such an optimal rather than maximum level of MHC diversity has been shown to maximize fitness in some species and is explained with an exponential depletion of the T-cell repertoire during thymic selection under too diverse MHC genotypes (reviewed in [7, 46] ). However, the limitations in power of this dataset do not allow ruling out either of the two scenarios. Furthermore, the difference in MHC divergence between homozygous and heterozygous individuals is proportionally very large compared with the variation of MHC divergence within heterozygous individuals. This becomes most apparent in the analysis of male reproductive success, where the model incorporating MHC zygosity explains only slightly less variation than the model with MHC divergence. This pronounced zygosity effect is especially expected in species with a single locus, but can also be observed in multi-locus studies [19] . Female reproductive success, on the other hand, showed a strong effect of MHC sequence divergence despite all but one individuals being heterozygous at the MHC locus. Hence, while we can make no final conclusion on the actual shape of the association, it is evident from the significant associations between MHC divergence and several life-history parameters that amino acid sequence divergence in the exon coding for the antigen-binding domain of the MHC molecule is a better predictor for fitness than the mere number of alleles (here zygosity).
Our data also allowed assessing effect sizes of the contribution of MHC divergence to fitness. An increase in individual MHC-DRB sequence divergence by one amino acid predicted 5 per cent higher survival probability of juvenile sea lions. Natural selection of such strength, in combination with the fact that MHC divergence is not heritable, could potentially lead to the evolution of mate choice strategies aiming at more divergent offspring genotypes. In many vertebrate species MHC-dependent mate choice has indeed been observed and potentially evolved in order to facilitate adaptation to coevolving pathogens [7, 12] . Surprisingly, we did not observe evidence for MHC-dependent mating in the studied population of Galápagos sea lions, despite having substantial power to detect deviations from random mating. Here, we hypothesize that continued selection for divergent allele combinations can alter allele frequencies in the population in such a way that random allele combinations automatically result in highly divergent genotypes. Such an allele pool would render MHC-dependent mate choice unnecessary or at least undetectable, because random combinations of alleles, based purely on the alleles' frequencies in the population, on average already provide genotypes that confer highest immunocompetence. This would certainly require strong selection to effectively counteract drift, which is supported by our dataset for MHC-dependent contribution to fitness at different life stages. In line with this hypothesis, we found that those MHC-DRB alleles that, in combination with other alleles, provided on average highly divergent MHC genotypes were also the ones with the highest frequency in the population. The existence of an allele pool enriched for highly divergent alleles directly supports the divergent allele advantage hypothesis for MHC evolution [10, 11] . In reality, allelic composition most probably is a compromise between overdominant selection for divergence, as demonstrated here, and fluctuating parasite-mediated selection [12] , which will have transitory influences on the allele pool. Overall, the idea of a 'divergence-adjusted' allele pool supported by our data provides a very intriguing scenario for MHC evolution in particular and the adaptability of species in general and may provide a motivation for further empirical and theoretical work.
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